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Abstract
Prompt Fission Neutron Spectra (PFNS) are very important nuclear data for reactor neutronic calculation tools. Most of the inter-
national evaluated nuclear data libraries lie on the Madland-Nix model, which is a based on evaporation theory of ﬁssion fragments.
But very scarce data can be found regarding the PFNS covariance matrix associated to these evaluations. As an illustration of the
impact of the PFNS on neutronic calculations, we will show a Monte-Carlo calculation of the neutron ﬂux received by a PWR ves-
sel, using diﬀerent PFNS evaluations. The neutrons that have the highest probability to contribute to the vessel ﬂux are those that
are emitted at the highest energies; however most of the ﬁssion neutrons are emitted around 2MeV. These results show the necessity
to have very precise PFNS evaluations, and a proper estimation of associated covariances. The estimation of the PFNS covariance
matrix associated to a model, after adjustment of model parameters, will be shown. This is performed by the CONRAD code,
developed at CEA Cadarache. The ﬁnal goal of the study is to adjust the parameters involved in ﬁssion fragments de-excitation in
the FIFRELIN Monte-Carlo code, also developed at CEA Cadarache, which computes the PFNS among other ﬁssion quantities,
and to provide the associated PFNS covariance matrix. However for the moment we focused the study on three historically widely
used PFNS models: Maxwellian, Watt and Madland-Nix models. The covariance matrix on the adjusted spectrum comes mainly
from the systematic uncertainty on some experimental parameters — namely the normalization, background, detection eﬃciency,
etc. In order to propagate this type of uncertainties properly, the marginalization technique is used. A close knowledge of the
conditions in which a particular experimental PFNS has been measured is required, in order to have a correct estimation of the
PFNS uncertainties after adjustment. In this work, we propagated the uncertainty on normalization of experimental spectra, and the
uncertainty on the energy-dependent neutron detection eﬃciency. We show the resulting PFNS and associated covariance matrix
in the case of thermal neutron-induced ﬁssion of 235U and 239Pu.
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1. Introduction
The perspective of the future generation IV nuclear reactors leads to an increased interest about nuclear data
evaluation, and especially evaluation of their covariances. Among these nuclear data, the prompt ﬁssion neutron
spectra (PFNS) are of great inﬂuence in many applications. However, as new models and more precise evaluations
are proposed, only scarce data exist about the associated covariances, i.e. no information about the goodness of most
evaluated PFNS is given. Yet, the sensitivity of some neutronic calculations to the PFNS can be very important.
As an illustration, after a brief reminder of some of the PFNS models, this paper shows the sensitivity of a PWR
vessel ﬂux to the PFNS. A good estimation of the ﬂux received by the vessel is required for a good estimation of a
reactor lifetime. In the second part of the paper, new calculations of PFNS will be shown, based on the adjustment
of parameters inherent to three basic models. The covariance matrix associated to these spectra was estimated for
thermal neutron induced ﬁssion of 235U and 239Pu.
2. The PFNS representations
Several models exist to represent the PFNS. Some are only phenomenological and have no predictive power. It
is the case for the Maxwellian model, for which only one model parameter, temperature T , is needed. The value of
T depends on the ﬁssionning system, and must be deduced from an adjustment on a priori knowledge of the PFNS.
The Watt spectrum (Watt (1952)) considers a Maxwellian center-of-mass spectrum for both ﬁssion fragments, with a
temperature parameter TW ; the spectra are then boosted in the laboratory frame, considering the average kinetic energy
per nucleon E f of the fragments. For these two models, no predictions can be made on the model parameters in the
absence of experimental data. The Madland-Nix or Los Alamos model, used in the current international evaluated
libraries, considers an evaporation spectrum in the center-of-mass frame (COM) for both fragments (Madland and
Nix (1982)), convoluted by a probability distribution for the temperature, the maximal value being Tm. It considers
diﬀerent average kinetic energies per nucleon, ELf and E
H
f for light and heavy fragments respectively. We focused our
PFNS covariance study on these three simple models, as will be mentioned in section 4. To investigate the inﬂuence
of the PFNS on a vessel ﬂux calculation (section 3), we also considered the PFNS calculated by the FIFRELIN code
(Litaize and Serot (2010)), developed at CEA Cadarache. FIFRELIN is a probabilistic code which simulates the
ﬁssion fragment de-excitation and the emission of the prompt particles. It calculates the PFNS among other ﬁssion-
related quantities. There are two models implemented in FIFRELIN for the simulation of prompt neutron emission:
one is based on the Weisskopf theory (Weisskopf (1937)), the second is based on a Hauser-Feshbach algorithm for
emission of neutrons and gammas in competition (Regnier et al. (2013)).
3. Sensitivity of a vessel ﬂux calculation to PFNS
The sensitivity of a PWR vessel ﬂux to the PFNS of 235U was investigated using the Monte-Carlo transport code
TRIPOLI-4 R© (Brun et al. (2013)). The geometry is that of a simpliﬁed PWR quarter-core, and the nuclear data used
are those from JEFF-3.1.1. Neutrons are emitted by a neutron source and propagate. The neutron ﬂux received
by the inner side of the vessel was calculated with diﬀerent PFNS of 235U(nth,f) for the source spectrum. To avoid
running the simulation for every diﬀerent spectrum, the Green functions functionality of TRIPOLI-4 R© was used. It
allows calculating the neutron importance function pgg′ , i.e. the probability that a neutron which is emitted with an
energy in group g reaches a given surface element S on the vessel with an energy in group g′. pgg′ is independent
of the source spectrum. For any source spectrum χg, the contribution Φgg′ of neutrons emitted in group g to the
vessel ﬂux in group g′, is the probability pgg′ times the number of neutrons that were emitted in group g. We write
Φgg′ = pgg′ · (N/S ) · χg · ΔEg, where N is the total number of neutrons emitted by the source per second (about 1020
n/s), χg is the source spectrum in group g and ΔEg is the width of group g. Φgg′ is in n/(s·cm2). The vessel ﬂux in
group g′ is simply Φg′ =
∑
gΦgg′ . There are two big advantages of using the Green functions calculation. The ﬁrst
one is that Φg′ can be deduced from any source spectrum, without additional simulation. The diﬀerent source spectra
χg investigated are shown in Figure 1a in absolute, and in Figure 1b relatively to JEFF-3.2. The associated vessel ﬂux
Φg′ is shown in Figure 1c in absolute, and in Figure 1d relatively to the one obtained with the JEFF-3.2 spectrum.
All the spectra tested are softer than the JEFF-3.2 spectrum. All of them emit more neutrons below 1 MeV. However,
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these neutrons have a very low probability to reach the vessel, therefore the ﬂux on the vessel below 1 MeV is almost
only due to higher source energy groups.
The second advantage of the Green functions is that pgg′ gives valuable information about what spectrum domain will
be more inﬂuent on the vessel ﬂux. Figure 2 shows the importance function pgg′ . The neutrons having the highest
probability to reach the vessel are those emitted roughly above 15 MeV. However, Figure 1a shows that only around
10−4% of the neutrons are emitted at these energies. Therefore, the neutrons emitted above 15 MeV do not contribute
much to the vessel ﬂux. It can be seen more directly on Figure 3 which represents the contribution of each source
energy to the total vessel ﬂux above 1 MeV. The ﬂux above 1 MeV is interesting in terms of damage on the vessel.
About 80% of the vessel ﬂux above 1 MeV comes from the neutrons emitted between 2 and 7 MeV.
These results show that an error of a few percent on the PFNS will result on an error of the same order on the vessel
ﬂux; in other words, for this application it is mandatory to handle the covariances associated to a PFNS evaluation,
whereas this information is sometimes missing (there are no PFNS covariances in JEFF-3.2). The next section will
show an estimation of the covariance matrix associated to new PFNS adjustment in the frame of three models.


		
		
	
	

	

	





	





	



	



(a)
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(b)
Relative diﬀerence between each spectrum
and the JEFF-3.2 PFNS for 235U(nth,f)
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(c)
Vessel ﬂux spectrum associated
to each source spectrum
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(d)
Relative diﬀerence between the ﬂux obtained from the JEFF-3.2
PFNS and the one obtained from each of the other source spectra
Fig. 1: PFNS and associated vessel ﬂux
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Fig. 2: Neutron importance pgg′
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Fig. 3: Contribution of each source energy group
to the vessel ﬂux above 1 MeV
4. Calculation of the PFNS and its covariance matrix
The goal of this study is to provide a methodology to estimate the covariance matrix associated to the PFNS result-
ing from an adjustment, in the frame of a particular model. We applied this calculation to the Maxwellian, Watt and
Madland-Nix (with constant inverse cross-section) models.
The ﬁrst step of the calculation is a Bayesian adjustment of the model parameters on experimental data. This is
performed by the CONRAD code, developed at CEA Cadarache (Archier et al. (2014)). We call x the set of model
parameters to be adjusted; at the end of the adjustment, we get the “best-ﬁt” parameters x and their covariance matrix
Mstat.x . Mstat.x accounts for the uncertainty on the prior values of x, and for the “statistical” part of the experimental un-
certainty, that is the random counting uncertainty. No correlations between the data points are propagated at this step.
The “systematic” part of the experimental uncertainty, coming from experimental parameters such as normalization,
background, or detection eﬃciency, must be propagated after the adjustment. We apply the marginalization technique
(Habert et al. (2010)), implemented in CONRAD, for the systematic uncertainty. The principle of marginalization
is to include the covariance of the marginalized parameters (normalization, background, etc.) in the ﬁnal covariance
matrix Mmarg.x of the adjusted parameters x. After marginalization, the covariance matrix of the model parameters
contains the uncertainty on the marginalized parameters, and the covariance matrix of the adjusted PFNS is simply
MPFNS = Gx ·Mmarg.x ·GTx , where Gi, jx = ∂χi/∂x j.
In our calculation, two types of parameters are marginalized at the time being: the experimental normalization, and
the energy-dependent detection eﬃciency (E). The normalization uncertainty is due to the limited energy domain
covered by the measurement. The ignorance of the actual normalization leads to an uncertainty on the shape of the
ﬁnal PFNS. This uncertainty has to be propagated in the ﬁnal PFNS covariance matrix. The uncertainty on the energy-
dependent detection eﬃciency is another source of uncertainty on the spectrum shape. However, this information is
rarely available. We considered the data from Hambsch and Kornilov (2014) for the detection eﬃciency of a NE-213
neutron detector. As explained in Berge et al. (2014), the eﬃciency as a function of the neutron energy was approxi-
mated by a ﬁtting function, so as to marginalize the parameters of this function. As a ﬁrst step and in the absence of
experimental data for eﬃciency, the same uncertainty on (E) was considered for the other spectra measured using an
organic scintillator. The results in the frame of the Madland-Nix model, for 235U(nth,f) and 239Pu(nth,f) are presented
in Figures 4 and 5. The PFNS obtained and its uncertainty (Figures 4a, 4b, 5a and 5b) are compared to what is present
in the three international evaluations JEFF-3.2, ENDF/B-VII.1 and JENDL-4.0 (only the two latter give covariances
information for PFNS). There are diﬀerences in the shape of the spectrum between the spectrum resulting from the
present study and the three evaluated spectra. The sets of experimental data used in the adjustment were diﬀerent, but
there are also diﬀerences in the model implementation.
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Fig. 4: Results of the calculation for the Madland-Nix PFNS of 235U(nth,f) (see section 4 for details). The PFNS obtained (a) and its uncertainty (b) are
compared to other evaluations. The correlation matrix is compared to the ones coming from other evaluations (c).
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Fig. 5: Results of the calculation for the Madland-Nix PFNS of 239Pu(nth,f) (see section 4 for details). The PFNS obtained (a) and its uncertainty (b) are
compared to other evaluations. The correlation matrix is compared to the ones coming from other evaluations (c).
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The Madland-Nix model used in the evaluated libraries is more sophisticated than the present implementation
in CONRAD, especially in CONRAD no energy dependence of the inverse cross-section is considered, although
it is planned to include this dependence in the near future. The PFNS correlation matrix obtained is compared to
the ENDF/B-VII.1 and JENDL-4.0 evaluations (Figures 4c and 5c). The ﬁnal correlation matrix shows a “binary”
pattern: strong correlation on the same side of a “pivot” energy, and strong anti-correlation on either side of this
energy. The inclusion of the detection eﬃciency uncertainty in the PFNS covariance matrix attenuates the structures
in the correlation matrix that were observed in previous studies (Berge et al. (2014)). This methodology was only
applied to analytical PFNS models so far. The next step is to apply this methodology to adjust the parameters in the
FIFRELIN Monte-Carlo code and to produce the associated covariance matrix.
5. Conclusion and perspectives
The present paper showed in a ﬁrst part the sensitivity of a PWR vessel ﬂux calculation to the Prompt Fission
Neutron Spectra. It was shown that fast neutrons (above 15 MeV) are the most important for the ﬂux on the vessel;
however, these neutrons being rarely emitted, the vessel ﬂux is most sensitive to the neutrons emitted between around
2 and 6 MeV. This study showed the non-negligible discrepancies in the ﬂux obtained from diﬀerent source spectra,
and thus, the necessity to handle the PFNS covariances, in order to give an uncertainty associated to a vessel ﬂux
calculation. In a second part, a new calculation of PFNS and their covariance matrices was given, based on an
adjustment to experimental data, in the frame of three common models: Watt, Maxwellian and Madland-Nix models.
The ﬁnal covariance matrix accounts for the uncertainty on the a priori knowledge of model parameters, and on
experimental uncertainty. It is most sensitive to the systematic uncertainties coming from experiment. The latter
are propagated after the adjustment, through the marginalization technique. Uncertainties on normalization and on
energy-dependent detection eﬃciency are marginalized. The results for 235U(nth,f) and 239Pu(nth,f) were given and
compared to what exists in the three evaluated libraries JEFF-3.2, ENDF/B-VII.1 and JENDL-4.0. The uncertainties
obtained in this paper are still somewhat lower than the ones found in the evaluations. The shape of the PFNS is also
diﬀerent, due to diﬀerences in the model used, and to the diﬀerences in the experimental set considered in each case.
It is planned to use this type of calculations to obtain a covariance matrix associated to the PFNS from FIFRELIN.
FIRELIN gives a more physical representation of the PFNS, since it considers the whole ﬁssion fragment de-excitation
process in one calculation, and it gives a physical frame to compute ﬁssion observables in a correlated way.
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